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Lentiviruses, including HIV-1, are considered a rare example of retroviruses which do not require cell proliferation for
their replication. However, this notion was questioned in several publications where productive HIV-1 infection was found
to be restricted to a small fraction of macrophages with proliferative capacity. Since the mode of HIV-1 replication in
macrophages is of great clinical relevance, we performed a single-cell analysis of HIV-1 replication and [3H]thymidine
incorporation. Our results indicate that while 17% macrophages were detected as HIV-1 DNA-positive 12 hr after infection,
only 2% of those cells had incorporated tritium, about the same percentage as in the uninfected cell population. Forty-eight
hours after infection, 38% macrophages were HIV-1 DNA-positive and 47% of those had incorporated tritium, while the
percentage of tritium-positive uninfected cells did not change (1%). These results demonstrate directly that HIV-1 DNA does
not colocalize with [3H]thymidine and support the notion that cell proliferation is not required for HIV-1 infection of macro-
phages. q 1997 Academic Press
INTRODUCTION tions (Schuitemaker et al., 1992, 1994) where authors
suggested that HIV-1 replication in macrophages is re-
The ability of lentiviruses to replicate in terminally dif-
stricted to a small number of cells that go through cell
ferentiated, nonproliferating macrophages (Varmus and
cycle, thus negating differences between HIV-1 infection
Swanstrom, 1985) has long been considered a character-
of T lymphocytes and macrophages. Since a low-level
istic feature of this retroviral family, setting it apart from
DNA synthesis takes place in any macrophage culture,
other retroviruses that require cell proliferation for pro-
a possibility that a certain number of cells go through
ductive infection. HIV-1 has been shown to replicate in
mitosis cannot be discarded. If HIV-1 infection is limited
macrophage cultures in vitro (Gartner et al., 1986; Ho et
to those cells, the whole idea of macrophage involvement
al., 1986) and was detected in both circulating and tissue
in the pathogenesis of AIDS would have to be reconsid-monocytes/macrophages in vivo (Nakata et al., 1995;
ered, given the extremely low number of proliferating
Bagasra and Pomerantz, 1993; Brinkmann et al., 1992).
cells in tissue macrophages and the demonstrated resis-
A productive viral infection can be also established in g-
tance of blood monocytes (cells that readily go into cy-
irradiated macrophages (Weinberg et al., 1991) where
cling) to HIV-1 infection (Sonza et al., 1996; Schnizlein-
few cells go through cell cycle, as judged by a very low
Bick et al., 1992). Because of the clinical importance of
level of thymidine incorporation. The critical step in the
these considerations, we undertook a study designed to
ability of HIV-1 to replicate in nondividing cells was found
determine the mode of HIV-1 replication in macrophages.
to be the nuclear import of the viral genome (Bukrinsky
Using a single-cell analysis with a combination of in situ
et al., 1992; Lewis and Emerman, 1994) mediated by two
PCR and [3H]thymidine uptake methods, we demonstrate
HIV-1 proteins, matrix antigen (MA) and viral protein R
that in about 50% of the cells HIV-1 infection occurs with-
(Vpr) (von Schwedler et al., 1994; Bukrinsky et al., 1993;
out a notable uptake of thymidine, providing direct evi-
Heinzinger et al., 1994). In contrast, HIV-1 replication in
dence that DNA synthesis and cell division are not re-T lymphocytes requires cell proliferation. Although virus
quired for HIV-1 infection of macrophages.
can enter quiescent T cells, subsequent steps of the viral
life cycle, in particular reverse transcription and nuclear
MATERIALS AND METHODSimport, are inefficient until the cell is activated and goes
into a cycle (Bukrinsky et al., 1991, 1992; Zack et al., Macrophage cultures and infection with HIV-1
1990).
This concept has been questioned in recent publica- Human monocytes were isolated from blood of healthy
donors negative for HIV and hepatitis B antibodies by
adherence to plastic as described previously (Schmidt-1 To whom correspondence and reprint requests should be ad-
mayerova et al., 1992). Cells were allowed to differentiatedressed at The Picower Institute for Medical Research, 350 Community
for 7 days (half of the medium was changed on Day 3Drive, Manhasset, NY 11030. Fax: (516) 365-5090. E-mail: mbukrinsky
@picower.edu. after isolation) in the presence of 2 ng/ml M-CSF (Sigma,
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St. Louis, MO). Subsequent cultivation was performed and 20. (Fig. 1A). Given that time in culture correlates
with the state of differentiation of macrophages (Rich etwithout M-CSF. At different times after isolation, macro-
phage cultures were inoculated with HIV-1ADA (2 1 105 al., 1992), one would expect a lower thymidine uptake
by older, more differentiated cultures. Absence of suchcpm of RT activity per 106 cells), and this time point was
taken as a Time 0 after infection. After an 18-hr incubation correlation suggests that thymidine uptake by macro-
phage cultures reflects the DNA repair process ratherat 377, excess of the virus was washed away. RT activity
in the culture supernatants was determined in a mi- than DNA replication.
In contrast, susceptibility of macrophages to infectioncroplate assay as described previously (Bukrinsky et al.,
1996) and counted on a Top Count Microplate Counter with the macrophage-tropic strain HIV-1ADA directly cor-
related with the age of the culture. Cells infected after(Packard).
a 20-day propagation in culture produced significantly
less virus than cells infected at earlier intervals (Fig.Thymidine incorporation and autoradiography
1B). Cells from donor 1 infected after 6- and 13-day
Macrophage cultures in a 96-well plate (1 1 105 cells/ propagation produced similar amounts of virus, despite
well) were exposed to 5 mCi/106 cells of methyl-[3H]- the fact that thymidine uptake at Day 13 was about
thymidine (specific activity 25 Ci/mmol; Amersham Corp., fourfold higher than that at Day 6 (Figs. 1A and 1B).
Arlington Heights, IL), and thymidine uptake was mea- Also, higher thymidine incorporation by macrophages
sured after an 18-hr incubation as described (Weinberg from donor 2 after 6 days in culture compared to cells
et al., 1991). For autoradiography, methyl-[3H]thymidine from donor 1 (Fig. 1A) was not reflected in the amounts
(5 mCi/106 cells) was added to macrophage cultures of HIV-1 produced by these cultures (Fig. 1B). These
(grown on slides) together with the virus. At 12 and 48 results indicate that the rate of DNA synthesis, and
hr after infection, cells were fixed and analyzed by in situ therefore of cell proliferation, does not correlate with
PCR (see below). Slides were then exposed to microauto- the amount of HIV-1 produced by macrophage cultures
radiography emulsion (Amersham) for 4– 5 weeks to re- and thus is not the major parameter in this process.
veal tritium signals. However, they do not rule out the possibility that the
ability to proliferate determines susceptibility of a cell
PCR analysis of HIV-1 DNA to infection, while other factors (e.g., age of culture or
donor-specific variations in cell metabolism) control theDetection of HIV-1 DNA in fixed tissue culture sam-
amount of virus produced by an infected cell.ples was accomplished by PCR amplification of viral
To investigate this question, one needs a methodDNA using primers specific for the HIV-1 gag gene,
based on a single-cell analysis of infection. The in situfollowed by in situ hybridization to a gag-specific
PCR technique provides an opportunity to detect virus inprobe, as previously described (Dubrovsky et al., 1995).
individual cells which can be analyzed in parallel forAs a negative control, amplifications were also per-
incorporation of [3H]thymidine. As illustrated by the re-formed with primers specific for human papilloma virus
sults of such analysis performed on macrophage culturesDNA (Nuovo et al., 1991). For the analysis of kinetics
from donor 2 (panel a of Fig. 2A), tritium signal did notof HIV-1 DNA synthesis, 5 1 106 macrophages were
coincide with HIV-1 DNA-specific signal; while somelysed in 1 ml of PCR lysis buffer (Higuchi, 1989) and
cells were positive for both signals, many infected macro-analyzed by PCR using primers specific for the gag/
phages were [3H]thymidine-negative. Importantly, HIV-LTR region of the HIV genome, which is present only in
specific PCR signal was detected in the nucleus in boththe full-length product of reverse transcription (Peliska
tritium-positive and tritium-negative cells (Fig. 2A, paneland Benkovic, 1992), as described (Schmidtmayerova
a), indicating that virus entry, reverse transcription, andet al., 1992). PCR-amplified DNA was revealed by
nuclear import of the preintegration complex in macro-Southern hybridization and was quantitated on a Pack-
phages do not require cell DNA synthesis and mitosis.ard Direct Imager. PCR was performed with several
In control reactions, no signal was obtained with HIV-dilutions of the DNA, and results within the linear range
specific primers in uninfected cells (not shown), nor inof the assay were used for analysis.
HIV-infected cells using unrelated (papilloma virus-spe-
cific) primers (Fig. 2A, panel b). Very few uninfected cellsRESULTS AND DISCUSSION
incorporated tritium (not shown). Quantitative analysis of
this experiment is presented in Table 1. Of 17% cells thatAnalysis of [3H]thymidine incorporation into macro-
phage cultures from two donors after various times of stained positive for HIV-1 DNA 12 hr after infection, only
2% were tritium-positive, the same percentage as in thepropagation in vitro revealed a low-level incorporation
with no apparent correlation with the age of culture (Fig. uninfected cell population from the same culture. At 48
hr postinfection, the percentage of HIV-infected macro-1A). Cultures from donor 1 incorporated more thymidine
after 13 and 20 days than after 6 days in culture, while phages increased about 2-fold (to 38%), and nearly half
(47%) of the infected cells incorporated tritium, resultingcells from donor 2 incorporated similar amounts of thymi-
dine, though lower than cells from donor 1, at Days 13 in a 50-fold increase over the 12-hr number; the percent-
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FIG. 1. Analysis of [3H]thymidine incorporation and HIV-1 production in macrophage cultures infected at different times after isolation. Macrophage
cultures prepared from PBMCs of two different donors were infected with HIV-1ADA at Day 6, 13, or 20 after isolation. Viral replication was followed
by RT activity in the supernatants of infected cultures (B). Parallel cultures were exposed to 5 mCi/106 cells of methyl-[3H]thymidine, and thymidine
uptake was measured after an 18-hr incubation (A); results are presented as the mean { SD of three independent wells. As a point of reference,
thymidine incorporation in a CEM cell culture was over 1.5 1 105 cpm/105 cells.
age of tritium-positive cells in the uninfected population infection, since the percentage of cells that incorporate
thymidine in uninfected cultures is much less than thedid not change (1%) compared to the 12-hr time interval.
While the total number of cells did not change during percentage of cells that become infected, and a signifi-
cant number of cells harboring HIV-1 DNA had not incor-the culture period (despite the lack of virus-induced cell
killing during the early periods of infection, we never porated thymidine. Induction of cell proliferation by HIV
infection is also incompatible with our results, since noobserved an increase in the number of cells in our macro-
phage cultures), the amount of intracellular HIV-1 DNA increase in cell numbers was observed while a large
proportion of cells became infected. However, the resultsdetermined by a semiquantitative PCR assay increased
more than 100-fold (Fig. 2B). This result is consistent can be well explained by incorporation of [3H]thymidine
into the virus DNA during reverse transcription, ratherwith the kinetics of reverse transcription in HIV-infected
macrophages, where accumulation of full-length HIV-1 than into the cellular DNA. Indeed, such an interpretation
is consistent with a rapid increase in the number of [3H]-cDNA reaches maximum by 48 hr p.i. (H. Schmidtmayer-
ova and M. Bukrinsky, unpublished results). The data do thymidine-positive cells within a population of cells har-
boring HIV-1 DNA during the period between 12 and 48not support the requirement of cell proliferation for HIV
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FIG. 2. Analysis of HIV-1 DNA and [3H]thymidine incorporation in macrophage cultures. (A) HIV-1ADA together with methyl-[3H]thymidine (5 mCi
per 106 cells) was added to macrophage cultures at Day 6 after preparation from PBMCs of donor 2 (see Fig. 1). After a 48-hr incubation, cells
were fixed and analyzed by PCR using primers specific for the HIV-1 gag gene (a) or human papilloma virus (b), followed by in situ hybridization
to a gag-specific probe, as described previously (Dubrovsky et al., 1995). (c) PBMC were stimulated with PHA (5 mg/ml) and IL-2 (20 IU/ml) and
cultured with methyl-[3H]thymidine (5 mCi per 106 cells) for 12 hr. To reveal tritium signals, slides were exposed to microautoradiography emulsion
(Amersham) for 4 – 5 weeks. A representative photograph of cells positive for HIV-1 DNA but negative for [3H]thymidine (arrowheads), or positive
for both (arrows), is shown in a. HIV-specific signal is revealed as purple staining, tritium as dark brown dots, and nuclei are stained pink. (B)
Macrophage cultures from donor 2 (see Fig. 1) were infected as in A, and 12 or 48 hr after infection total cellular DNA was analyzed by PCR with
primers specific for the gag/LTR region of the HIV genome, which is present only in the full-length product of reverse transcription (Peliska and
Benkovic, 1992). Amplification product was revealed by hybridization (inset) and bands were quantitated on a Packard Direct Imager. Amplification
of the tubulin gene was used as control for the amount of DNA in each sample. Results are presented as the mean of two independent experiments
{ SD.
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TABLE 1 DNA, rather than into the cellular DNA, and indicates
that very few cells go through mitosis in HIV-infectedStatistical Analysis of the Experiment Described in Fig. 2A
macrophage cultures while a large percentage is in-
No. [3H]thymidine- fected.
positive cells There are two major reasons for such a striking differ-
ence between our results and those of Schuitemaker and
HIV-infected Uninfected
colleagues (1994). One is that incorporation of BrdUrdHours after No. of HIV-1-positive cells (% of total (% of total
interpreted as an indication of cell proliferation (Schuite-infection (% of total counted) infected) uninfected)
maker et al., 1994) may in fact reflect synthesis of proviral
12 39 (17%) 1 (2%) 4 (2%) HIV-1 cDNA in an infected cell, as suggested here for
48 59 (38%) 28 (47%) 1 (1%)
[3H]thymidine incorporation. In such a case, most of the
BrdUrd-positive cells would also be HIV-positive, exactlyNote. [3H]thymidine was added together with HIV-1ADA to macro-
phage cultures. At 12 or 48 hr postinfection, cells were fixed and ana- as observed in the above cited paper. Another likely ex-
lyzed for the presence of HIV-1 DNA (by PCR followed by in situ hybrid- planation is the different conditions used for culturing of
ization) and tritium incorporation. A total of 230 cells (12 hr p.i.) and macrophages. We and others (Gendelman et al., 1988;
155 cells (48 hr p.i.) were counted.
Heinzinger et al., 1994) use M-CSF during the initial stage
of monocyte cultivation; this factor promotes cell differen-
tiation and susceptibility to HIV-1 infection. Since macro-
hr postinfection, when an extensive synthesis of viral phages produce M-CSF on their own (Gruber et al., 1995;
DNA occurs. Limited sensitivity of [3H]thymidine autoradi- Scheibenbogen and Andreesen, 1991), addition of this
ography can explain the fact that no increase in [3H]- factor simply accelerates maturation of the culture, re-
thymidine uptake is observed at 12 hr postinfection and sulting in consistently higher levels of infected cells. In
that only about 50% of HIV-infected cells are revealed as the absence of M-CSF, macrophages may not differenti-
3H-positive. However, this consideration does not com- ate and reach the HIV-permissive stage of maturation
promise the value of this method for detecting proliferat- during the 5-day cultivation used by Schuitemaker et al.
ing cells. Indeed, the amount of incorporated thymidine (1994), thus resembling blood monocytes rather than tis-
is proportional to the size of DNA. The size of viral DNA sue macrophages. Such cells are known to resist infec-
(10 kb) is negligible compared to the size of cellular tion with HIV-1 (Sonza et al., 1995, 1996; Rich et al., 1992)
genome; thus the amount of [3H]thymidine incorporated and may support HIV-1 infection only through an alterna-
into the cellular DNA during the S phase is much greater tive, proliferation-dependent mechanism, rather than
than the amount incorporated into the viral cDNA during
through a proliferation-independent, macrophage-spe-
reverse transcription. Results presented in Fig. 2A (panel
cific mechanism. This explanation is consistent with anc) demonstrate that in a proliferating T lymphocyte cul-
extremely low percentage of cells susceptible to HIV-1ture, [3H]thymidine autoradiography reliably reveals post-
infection (less than 0.1%) in experiments of those authorsmitotic cells and gives a similar number of proliferating
(Schuitemaker et al., 1992, 1994).cells (30%) as other methods (cell counting and FACS;
Our data underscore differences in the mode of HIV-1not shown). They also show a higher number of 3H-spe-
infection of quiescent T lymphocytes and macrophages.cific grains per cell in a proliferating T cell (50– 100
Indeed, while both these types of nonproliferating cellsgrains/cell; panel c of Fig. 2A) than in an HIV-infected
support viral entry (Stevenson et al., 1990; Zack et al.,macrophage (5– 15 grains/nucleus; panel a of Fig. 2A),
1990), only macrophages allow completion of the viralconsistent with our hypothesis that [3H]thymidine is in-
life cycle. The block to HIV-1 replication in quiescent Tcorporated into viral rather than into cellular DNA.
lymphocytes appears to occur in part at the step of nu-We thus conclude that very little, if any, cell prolifera-
clear import (Bukrinsky et al., 1991, 1992), while macro-tion occurs in both uninfected and HIV-infected macro-
phages are fully capable of transporting HIV-1 DNA intophage cultures, thus ruling out the requirement of cell
the nucleus (Heinzinger et al., 1995). The reason for thisdivision for HIV-1 infection of these cells. Several lines
difference may be an insufficient number of nuclearof evidence support this conclusion: (i) No correlation
pores and/or cellular nuclear import factors in quiescentwas found between the rate of thymidine uptake by a
T cells. Whatever these cellular factors are, they are obvi-macrophage culture and its susceptibility to HIV-1 infec-
ously not restricted to proliferating cells.tion; (ii) A direct single-cell analysis using in situ PCR
In summary, HIV-1 is different from other retrovirusestechnique demonstrated that [3H]thymidine and HIV-1 do
because of its ability to replicate in nondividing cells.not colocalize, indicating that HIV-infected cells are not
Since in vivo most cells, including T lymphocytes, do notnecessarily the ones where DNA replication has taken
go through cell cycle, this feature of HIV-1 has a greatplace; (iii) A correlation between the increase in intracel-
clinical implication and underscores the potential use-lular HIV-1 DNA and [3H]thymidine incorporation, to-
fulness of anti-HIV drugs that target nuclear import of thegether with the lack of increase in the number of cells,
suggests that thymidine is incorporated into the HIV-1 HIV-1 genome (Dubrovsky et al., 1995; Popov et al., 1996).
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